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ABSTRACT: A secure solution of nuclear power plants fuel cycle end is undoubtedly a great technical challenge facing all developed countries, using nuclear energy. High demands on safety performance target solutions are enhanced primarily by the requirement to actually "geological" life of the project period, which represents a period of about 100,000 years. Although currently is not implemented yet neither persistent storage, it is interesting to compare the solutions prepared in different countries from different aspects of natural conditions, structures, volume and time schedules or ongoing research programs. The subject paper is based on publicly available information sources, especially from the publications and presentations at scientific conferences in the last 2 years. 
1 Introduction
Dealing safely with the final stage of the fuel cycle of nuclear power stations by establishing a deep geological repository where spent nuclear fuel can be stored in perpetuity certainly poses a formidable technical challenge which is presently faced by the advanced countries worldwide. The high demands imposed on the safety parameters of the final target solution are further enhanced primarily by the requirement that the service life of the project should extend over a truly “geological” period, amounting to ca. 100,000 years. Although until this day, there is no single permanent high level waste repository in existence yet, it is a matter of considerable interest to compare the ways of dealing with this problem as adopted by various countries taking into account the prevailing natural conditions, the potential technical solutions, and the time schedules envisaged. The paper hereunder summarizes the data available from countries that have been addressing these issues in the most concentrated fashion, issuing from information sources available in the public domain, mainly from publications and scientific conference papers presented during the course of the last two years.
2 Characterization of the approaches adopted by different countries
France being the country with the highest share of nuclear power generation, has worked out in detail the entire scope of issues relating to the permanent HLW repository. The selection process aiming to determine the most suitable site 
was concluded in 2005; this is to be vindicated by 2013 based on an ongoing public debate; the building permit is to be issued in 2015; and 2025 is envisaged as the deadline for completion of the first stage of the repository construction project and for initiation of HLW storage. In view of the ongoing developments in the area of HLW recycling technology, the first section of the repository is designed as a reversible storage site intended to operate over a period of 100 years. The years 2050 and 2110 are planned as the milestones of the subsequent stages of construction of the repository depending on the future development of nuclear power engineering.

The site chosen is Meuse in the Marne river valley; the host environment, situated at the depths of 420 – 550 m, is represented by a clay-based stratification (Callovo–Oxfordian clay) of ca. 150 m thickness. The clayey rocks, thanks to their very low permeability (of the order of 10-13 ), constitute an effective natural barrier of the repository.

The technical solution adopted encompasses an area of 10 km2 where ca. 100 km of galleries are to be driven, involving the excavation of 7 mln m3. Two inclined galleries are to be constructed to enable HLW haulage, while three vertical shafts are to serve ventilation and servicing of the repository (Fig. 1). Containers holding the HLWs will be stored in horizontal boreholes provided with bentonite seals.

Finland today represents a country that has reached a point nearest in terms of time to launching the disposal of the HLWs in the deep repository. The Olkiluoto site, on an island in the Baltic, has been chosen in 2000, and the time-consuming construction of the access gallery 5.5 km long continued until 2009. The building permit for the repository proper is expected to be issued in 2015 and the HLW is planned to start by 2020. In this case as well, the project is so conceived as to operate the repository as a reversible storage site for the next 100 years.

The repository is located at the depth of 420 – 520 m underground, in an environment constituted of a system of granite and gneiss based rocks that have been subject to multiphase deformation, exhibiting permeabilities of the order of 10-8 m/s.

The HLWs will be transported via an inclined, helical shaft of a cross-section of 5.5 by 6.35 m; materials and workers will be brought to the repository via a vertical shaft of 5.7 m in cross-section, also serving for ventilation. The repository proper will consist of several sections separated by partitions; it will be constructed around this central structure used for transportation (Fig. 2). It is envisaged that the canisters filled with HLW will be placed in vertical boreholes, and horizontal boreholes are also a possibility.

Sweden is another country that can boast of having reached a highly advanced stage of preparations for a final underground HLW repository. The site selection process culminated in 2009; the location found is Forsmark on the Baltic coast (there is a nuclear power station nearby, and a buried low-level nuclear waste repository). The building permit was issued in 2011 and the construction proper is scheduled to be launched in 2015. Following the completion of the repository in 2025 and a subsequent testing period, the storage of HLW is envisaged to begin after 2027.

The host environment is constituted by a system of crystalline, mainly granitic rocks of the Scandinavian shield, at a depth of more than 450 meters underground. Rather substantial streaming via crevices will require extensive grouting work to seal the open spaces.

The technical solution includes the construction of an inclined helical gallery for haulage of the HLW and of a vertical shaft for ventilation and conveyance of personnel and material. The repository consisting of several panels (sections) reckons with the placement of containers in horizontal (originally, vertical) boreholes provided with bentonite seals (Fig. 3).

All the other nuclear power countries have their final repository preparation programs planned to take off according to schedules extending over longer periods, with HLW disposal start deadlines mostly in the years 2045 to 2060.

China - in view of the country’s planned expansion of the nuclear power sector the preparation for the construction of a deep repository represents a priority program. According to the time schedule envisaged, the site should be chosen by 2020 (simultaneously with the start of activities of an underground research laboratory) and the deadlines for launching construction and for HLW storage are 2040 and 2060, respectively. Presently a total of six potential areas have been identified, spread over the entire territory of China and encompassing a variety of host environments (crystalline rocks, clayey formations). With high probability the final choice will be the Beishan site which best meets both the natural and the strategic requirements. The host environment offered by this site situated near the border with Mongolia in the Gobi desert is a vast massif of granitic rocks. The technical solution anticipates the repository to be sunk at ca. 500 m depth, the HLW to be transported via a shaft or an inclined helical gallery, and the HLW containers to be placed in vertical boreholes provided with with bentonite seals. Extensive test boreholes are being sunk and in situ tests are underway on the site.

The construction of an underground repository poses a problem which currently is relevant in the U.S.A. where today’s volume of HLWs in intermediate storage has exceeded 50,000 tons. The current situation bears evidence of the highly political character of the process by which the final repository is selected and sited. As early as in 1998 a site was chosen in the Yucca Mountains in Nevada, and under the Bush administration, this site was being groomed for potential launching of HLW disposal in 2020. The host environment is constituted of volcanic tuffitic rocks, and access to the repository, situated at a depth of ca. 400 m, should be by horizontal galleries also used to bring in the HLW (Fig. 4). Strong resistance against the construction of the repository on the part of the population and of interest groups has contributed to the decision by Obama’s administration to suspend financing the entire project and to abandon it in spite of the fact that the costs already incurred have exceeded US$ 9 billion and that the Yucca Mountains site probably has become the world’s most studied geological structure. There is a new site selection process underway to find the location for the underground repository, with a tentative target date of HLW storage after 2045.

Switzerland‘s investigations were undertaken at two underground laboratories, at Grimsel (a crystallinic) and at Mont Terri (Opalinus Clay), which is found at the depth of 300 meters in the aforementioned formation. The investigations have confirmed that the clayey stratification (Opalinus Clay) offers a potentially very suitable host environment for a repository of radioactive wastes. At the first stage (2008 - 2011), suitable sites for the construction of the repository were identified. The three regions where there is the host environment of the Opalinus Clay formation are Zürich Nordost, North of Lägern, and Jura Ost. The second stage will aim at specifying the storage projects in six regions and at inter-regional comparisons. Safety is the decisive criterion. Regional participation is a key component of the second stage. It is expected that the final selection of the site will take place after 2020(Fig. 5). The technical aspect envisages the same construction infrastructure as in the case of other repositories; there will be an inclined helical gallery for the haulage of the HLWs as well as for conveying materials and workers. The repository proper, subdivided into several sections extending over an area of at least six kilometers square, will be driven in the surroundings of the shaft used as a ventilation shaft.

Based on Germany’s concept of handling of radioactive wastes, two potential repository sites have been considered so far:

· The former Konrad Mine - an iron ore mine near the city of Salzgitter in the German state of Lower Saxony has been chosen for the disposal of radioactive wastes up to the volume of 650,000 m3, at depths ranging from 800 m to 1300 m.

· 
The Gorleben salt dome - this locality in the North-East of Lower Saxony was examined for the purpose of serving as a repository of all kinds of radioactive wastes at the depths of 840 m to 1200. In the year 2000, the German Federal government expressed its doubts about the suitability of Gorleben as a HLW repository. Until that time, 7 km of mine galleries were driven and 11 km of exploration boreholes were drilled. For this reason, the investigation was suspended until the Government’s misgivings should be sorted out.  In 2010. Germany announced to the IAEA that surveying in that location would continue. In the same year expired the politically motivated Moratorium to suspend the surveys at Gorleben. The target dates for the disposal to begin are set as 2025-2030. The technical solution includes the construction of two shafts for ventilation and for transport of workers and materials. The repository consisting of several panels (sections) reckons with the placement of containers in horizontal boreholes provided with bentonite sesle (Fig. 6).

Belgium also is making ready for the construction of a deep geological HLW repository. A sedimentary, clayey formation in the northern part of the country, in the Mol Dessel region, was chosen as providing a suitable geological environment. Extensive in situ research is in progress in the environment of sandy clays of the Boom Clay formation of the Tertiary having ca. 150 m thickness; the minimum expected depth of the repository is 250 – 300 m. The site selection is expected to be completed by 2020, construction work should proceed after 2025, and the disposal of HLW should begin in 2080.

Canada at present is engaged in a selection process narrowed down to ca. 15 potential sites for the future deep underground repository; these are the sites for which the respective local administrations responded by positive statements. In all cases, the host environment is represented by the crystalline rocks of the Canadian shield. The definite site selection should take place in 2018, construction work is to start after 2020, and no target date has been set yet for the beginning of actual disposal. The planned repository area is 3.75 km2, the depth is 500 m, and access will be by a helical inclined gallery and a shaft.

Japan‘s program in this area has reached the stage of site selection for the geological repository; the process ought to be completed after 2030, with the outset of actual disposal of wastes by 2060. At present there are numerous localities considered for the broad selection round, including both crystalline and clayey rocks in inland locations as well as in coastal areas, with their minimal depth expected to be 300 m. All the tentative localities also take the consensual interests of the local authorities into consideration. 

The preparatory stage of the construction of deep geological repositories is used in all countries to study the properties and behavior of the rock massif. The extensive and long-term research programs encompass detailed studies of the properties of the host environment, research into the processes connected with the rock massif temperature being raised due to thermal radiation of the HLW deposited therein, studies of the flow of liquids within the massif, investigation of long-term rheological behavior of the rocks, etc. In many countries, underground research laboratories were built in the potential waste storage areas in order to implement challenging projects of in situ measurements. Development and verification of methods of mathematical modeling of the processes occurring within the rock massif over long time periods, with focus on the comprehensive effects of the mechanical, thermal, hydrological, and chemical processes (the international project DECOVALEX), constitute an important part of the research work. 
3 Conclusions
The foregoing overview of the degree of advancement of the preparations in different countries for establishing their final underground HLW repositories makes it possible to draw a number of more general conclusions regarding the prevailing trends and common features. Whatever may be the societal and political opinions regarding nuclear power, the volume of HLW already produced is needful of a final solution.

Although the entire process of ascertaining the concept and siting of the geological repository based on expertise in the natural and technical sciences is highly specialized, as the example of the U.S.A. demonstrates, it is at the same time a highly political and social-environmental problem that requires a high level of consensus. From this point of view the procedure adopted by the administrations of Canada and Japan appears to be very foresighted in that they included the attitudes of the local communities i.e., the positions of the local government, as a priority in the site selection process.  It is also due to the political reasons that the idea of a common, international final repository shared by several countries, however advantageous it might be economically and environmentally, today has no chance of success.

As regards the time schedule for the construction and operation of a repository, two groups of countries can be distinguished: France, Finland, and Sweden are countries where preparations for the construction of repositories are the most advanced, with realistic HLW disposal start dates of about 2025 - 2030. It is these countries, together with the U.S.A., which also have the results of the most extensive relevant surveying and research work at their disposal. Other countries that operate nuclear power stations are engaged in surveying the potential sites and in related research to different depth and at different intensities (somewhat in proportion as a rule to their respective shares of nuclear power), but mostly they do not envisage HLW disposal to begin earlier than in 2045 - 2060.

In principle, the host environment for the final repository is represented by three types of rock massifs: most frequently, it is the solid crystalline rocks (granites, metamorphosed rocks); further, clayey formations of substantial thickness; and finally, in isolated cases, sediments of salt deposits (Germany). Naturally, the selection of host environment is influenced by the geological conditions prevailing in the respective countries. Where there are both the solid crystalline massifs and suitable clayey formations available, research may sometimes proceed in parallel along both these lines (Switzerland, Japan).

The depth of siting the underground repository, reflecting the thickness of the fundamental natural barrier present, varies mostly around 500 m, with ca. 300 m indicated as the minimum depth (Switzerland, Japan, Belgium).

The technical solution includes, next to its facilities on the ground, an infrastructural component serving the haulage of HLW and the servicing the entire underground disposal facility and the HLW repository proper. Infrastructure mostly incorporates a transport gallery whereby the HLW is brought in; a ventilation shaft also serving for conveyance of personnel and materials; and the main communication galleries. Under the conditions of crystalline rocks the transport routes are mostly designed as helical inclined galleries of 35 – 50 m2 cross-section; and as straight inclined galleries in the case of clayey formations. The German proposal to site the repository within an abandoned salt mine also reckons with HLW haulage via a shaft.

The extent and the type of execution of these underground works also predestine the use of driving technologies. The length of the transport galleries or tunnels to be driven at the depth of 500 m for the repository amounts to ca. 6 km. Classical technologies employing blasting work are used in the case of spiral tunnel declines, while tunnel boring machines can be used in the case of straight declines of similar lengths.

The repository proper is mostly conceived as a system of parallel galleries from which either vertical or horizontal, large-diameter boreholes are drilled that will receive the HLW containers. While vertical boreholes were given a nearly total preference in foregoing periods, the horizontal disposal boreholes appear more frequently in present-day preliminary projects.

The over-all volume of the geological repositories reflects the scope of the nuclear power sector, so that the French repository project assumes a volume of ca. 7 mln m3 of underground space over an area of 10 km2; the projects of Canada and Sweden reckon with repositories having a volume of 1.7-1.9 mln m3 extending over an area of ca. 3.7 km2.

When building the repositories proper, full-face heading machines will surely find application, but at the same time, there will be considerable volumes of large-diameter boring work to reckon with.

In addition to driving work proper, there will be a broad scope of application for methods capable of modifying the rock massif, primarily for the use of sealing and reinforcing injections.

The above information makes it clear that however large-sized underground works these facilities may represent, they do not pose any major technical problem from the point of view of present-day underground construction engineering. The construction of these deep geological HLW repositories will present a challenge mainly in terms of the required quality of execution, workmanship, and materials which all will have to reflect the extremely long-term service life expected of these underground facilities.
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Figure 1. Scheme of Meuse repository (France) / Bauer 2011/
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Figure 2. Scheme of Olkiluoto repository (Finland) / Hakala et al 2011/
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Figure 3. Scheme of Forsmark repository (Sweden) /Christiansson 2011/
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Figure 4. Scheme of  Yucca Mountains repository (USA)
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Figure 5. Scheme of Mont Terri repository (Switzerland) /nagra/
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Figure 6. Scheme of Gorleben repository (Germany) /www.bmwi.de/
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Figure 7. Environment of Gorleben salt mine / www.bmwi.de/ 
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	Country
	Belgium
	China
	Finland
	France
	Japan
	Canada
	Germany
	Sweden
	Swiss

	Site
	Mol-Dessel
	Beishan (Jiujing, Xinchang Xiangyangshan
and Yemaquan)
	Olkiluoto
	Meuse
	inland, under the seabed
	inland
	Gorleben
	Forsmark
	Zürich Nordost, North of Lägern, Jura Ost

	Depth (m)
	min. 250 m
	500-1000 m
	520 m
	420 – 550 m, thickness: 130-150 m
	min. 300 m
	500 m
	850 m
	450 m and more
	300 and more

	Host rocks
	clay formation
	granite
	migmatitic gneisses
	clay formation
	granite, clay formation
	crystalline
	salt dome
	granite
	clay formation

	Method of saving
	horizontal boreholes
	vertical boreholes
	vertical / horizontal boreholes
	horizontal boreholes
	vertical boreholes
	vertical boreholes
	horizontal boreholes
	vertical / horizontal boreholes
	horizontal boreholes

	Cover
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay
	bentonite clay

	Permeability
	
	10-13 m/s
	
	5x10-13 m/s
	
	
	1,3x10-13 to 1,7x10-11
	
	

	Deposit opening
	dip heading, shaft
	shaft
	dip heading, shaft
	dip heading
	dip heading
	shaft
	shaft
	dip heading, shaft
	dip heading

	Volume
	
	
	
	7000000 m3
	
	
	
	1736000 m3
	

	Area
	
	
	
	10 km2
	5,25 km2
	3,75 km2
	
	3,6 km2
	

	Schedule
	
	
	
	
	
	
	
	
	

	- site selection
	2013-2020
	2009-2020
	2000
	2005
	2013-2030
	2010-2012
	
	1993-2002
	2008-2011

	- exploration of suitable sites
	
	
	
	
	
	
	
	2002-2009
	

	- final selection
	
	
	
	
	
	2018
	
	2009
	2020 +

	- desigtn
	
	
	
	
	
	
	
	2011-2015
	

	- construction
	
	2040
	2015
	2015
	2040
	2020
	
	2015-2025
	

	- startup of repository
	2040
	2060
	2020
	2025
	2060
	
	
	2027
	2045


2
1

